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PREPARATION OF IRON COMPOUNDS BY HYDROTHERMAL CONVERSION 

CROSS REFERENCE TO RELATED APPLICTIONS 

This application claims priority from European Paten t Application No. 
02078407.0, filed August 16, 2002. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a process for the hydrothermal conversion of a 
solid-starting iron- compound seleeted-from-the-group consisting of iron-oxides, iron 
hydroxides, iron oxyhydroxides, and mixtures thereof into a solid product iron 
compound, the solid product iron compound having different physical, chemical, and/or 
structural properties from the solid starting iron compound. 

Prior Art 

It is known from the prior art to convert goethite (alpha-FeOOH) into hematite 
(alpha-Fe 2 0 3 ) in a suspension under hydrothermal conditions. Romanian Patent 
Application RO 86979 discloses this conversion using an autoclave and temperatures 
of about 210°C. The same conversion, but now in the presence of potassium 
carbonate using temperatures between 1 80 and 21 0°C and pressures between 1 6 and 
20 atm., is disclosed in RO 1001 13. 

In order to minimise operational costs and to maximise energy conservation, it 
would be desirable to conduct the hydrothermal conversion of iron oxides, iron 
hydroxides, and iron oxyhydroxides in a continuous mode. 

However, as will explained below, processes involving suspensions are not easy to 
conduct continuously, mainly due to segregation and sedimentation. 
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Suspensions consist of a continuous phase, i.e. a liquid, and a dispersed phase, 
i.e. solid particles. Suspensions can be homogeneous or heterogeneous. In this 
specification, homogeneous suspensions are defined as suspensions having a 
constant volume fraction of the continuous phase throughout the whole system. 
5 Suspensions without such a constant volume fraction of the continuous phase are 
referred to as heterogeneous. In these heterogeneous systems there are concentration 
gradients of the dispersed phase. 

Suspensions can separate into a fraction with a higher volume fraction of the 
1 0 continuous phas e and a fraction with a lower vo lume fraction of the conti nuous phase. 
Within this specification this phenomenon is referred to as segregation. Segregation 
can occur by the action of various forces, for instance centrifugal forces or gravity. 
Sedimentation is a form of segregation where the dispersed phase settles by gravity. 

1 5 When a sediment is formed, part of the flow region within a reactor is blocked by 

a stagnant solid, reducing the volume available for free flow. With constant mass flux, 
the suspension will have to move through a smaller area, resulting in higher velocities 
of the continuous phase. This results in even more segregation and a non-ideal 
residence time distribution of the dispersed phase in the reactor. 

20 

The conversion of solid particles in a suspension can be performed continuously 
in traditional pipe reactors or cascade reactors, provided that the starting particles 
easily form a stable homogeneous suspension, e.g., a sol or a gel, and are of a more 
or less uniform particle size. Even then limitations in the Solids to Liquid Ratio (SLR) 
25 may occur due to the rheological behaviour of the homogeneous suspension. High 
energy input, e.g., high-shear mixing, can alleviate these difficulties if the suspensions 
exhibit shear-thinning behaviour. 
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Unfortunately, readily available iron oxides, iron hydroxides, and iron 
oxyhydroxides are not easily suspendable and/or do not form stable homogeneous 
suspensions, neither at high solids to liquid ratios nor at low ones. This is due either to 
their large particle size (say > 0.1 micron) and/or to their chemical incompatibility with 
5 the liquid, making segregation of the particles from the liquid very likely. This means 
that the particles will show a tendency to form a sediment layer, resulting in an 
uncontrolled and non-ideal residence time distribution in the reactor, thereby hindering 
the conversion. This situation may be further aggravated when dealing with starting 
particles of different sizes. 



Contrary to the case of the stable homogeneous suspensions described above, 
where high shear can assist in homogenisation and reduction of the viscosity, unstable 
suspensions tend to segregate even faster when a high energy input is added to the 
system. Therefore, good mixing throughout the whole reactor and avoiding any dead or 
1 5 non-mixing zones is preferred to avoid non-ideal residence time distributions and to 
promote efficient conversion of the starting particles. 

Alternatively, expensive chemicals need to be added in order to stabilise and 
disperse the suspension and to prevent segregation. 

20 

It has now been found that solid starting iron compounds selected from the 
group consisting of iron oxides, iron hydroxides, iron oxyhydroxides, and mixtures 
thereof can be converted continuously, even at high Solids to Liquid Ratios (SLR), in 
one or a series of separate vessels without an unacceptable level of segregation. 
25 Using high Solids to Liquid Ratios enables the use of relatively compact equipment and 
offers low operational costs and energy consumption. 
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SUMMARY OF THE INVENTION 

The invention relates to a process for the conversion of a solid starting iron 
compound selected from the group consisting of iron oxides, iron hydroxides, iron 
oxyhydroxides, and mixtures thereof into a solid product iron compound, the solid 
5 product iron compound having different physical, chemical, and/or structural properties 
from the solid starting iron compound, which process comprises the steps of: 

a) dispersing the solid starting iron compound in a liquid thus forming a suspension, 
and 

b) feeding the suspension continuously though one or more agitated conversion 
JO vesse l(s), in which vessel(s) the solid starting iron comp ound is converted into the solid 

product iron compound under hydrothermal conditions. 

Other embodiments of the invention include reaction conditions, characteristics 
of the suspension, suspension flow and forms of iron, all of which will be hereinafter 
15 described in detail. 

BRIEF DESCRIPTION OF THE DRAWING 

Figure 1 shows a schematic layout of a plant for carrying out the present 
invention. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

The invention relates to the conversion of one solid iron compound into another 
solid iron compound. It does not relate to, e.g., a precipitation process in which a 
dissolved iron compound is converted into a solid iron compound, or a digestion 
25 process in which a solid iron compound is dissolved. 
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The continuous process according to the invention preferably has a throughput 
of 0.01 to 10 l/min, more preferably 0.05-5 l/min, and most preferably 0.1-3 l/min. 

In the continuous process according to the invention it is preferred that the 
5 suspension flows substantially upward through the vessel(s) and/or the mixer exerts 
axial forces on the suspension, such that the whole reactor is well-mixed and dead 
zones are avoided. With these measures, segregation of the solid particles and the 
liquid can be further suppressed. Also, an inhomogeneous distribution in the 
suspension of smaller particles on the one hand and larger particles on the other is 
10 substantially avoided. 



As the invention relates to the conversion of one solid iron compound into 
another solid iron compound, the solids content of the suspension during step b) will 
be relatively constant, although it might change as a result of, e.g., (a) the conversion 
15 of an iron compound with a specific molecular weight into an iron compound with a 
higher or lower molecular weight, (b) the injection of steam (for heating purposes), 
which will decrease the solids content of the suspension, or c) the addition of additives 
to the suspension during the process, which may decrease or increase the solids 
content, depending on the additive. 

20 

Preferably, the solids content of the suspension (i.e. the weight percentage 
solids, including crystal water, based on the total weight of the suspension) at the end 
of step b) will deviate from the solids content of the suspension at the start of step b) 
by less than 40%, preferably less than 25%, more preferably less than 10%. 

25 

A further advantage of the present invention resides in the possibility of fine- 
tuning particular (aspects of) process steps. If more than one conversion vessel is 



6 



ACH 2958 US 



used, particular properties of the solid product iron compound can be controlled and/or 
amplified by adapting, preferably optimising, the process conditions in at least one of 
these vessels. Within the framework of the present invention, this technique or 
procedure is called "de-coupling." Hence, de-coupling means that in the series of 
conversion vessels the process conditions in one or more of the vessels differ from 
those in the other vessel or vessels. 

This de-coupling of process stages can be used for, inter alia, effective control 
of the structure of the solid product iron compound. The advantage of de-coupling is 
not t rivial: by de -coup ling t he va rious process steps it becomes possib le for inst ance to 
optimise the mixing and handling of the solid-liquid suspension which can change in 
rheological behaviour during its conversion. Thus segregation, in the form of either 
sedimentation or separation of solids with different particle sizes, can be avoided even 
at high SLR. 

Moreover, de-coupling allows for optimisation of the conditions of multi-stage 
processes. For instance, the temperature or pH can be changed in each step and 
additional compounds, such as seeds or additives, can be added in any of the steps. 

Suitable solid starting and product iron compounds include iron ores such as 
goethite (FeOOH), akaganeite, bernalite, feroxyhyte, ferrihydrite, lepidocrocite, 
limonite, maghemite, magnetite, hematite, and wustite, synthetic iron products such as 
synthetic iron oxides and hydroxides, and (freshly) precipitated iron salts (such as iron 
nitrate, iron chloride, etc). It is noted that if the starting and product iron compounds 
are chemically equal, they have to differ in terms of their structural and/or physical 
properties. Examples of such properties are surface area, pore volume, pore size 
distribution, catalytic activity, etc. 
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Examples of conversions which can be performed using the process according 
to the invention are the conversion of ferrihydrite into hemtite, the conversion of 
goethite into goethite with a higher crystallinity, the conversion of hematite with a 
specific porosity and surface area into hematite with another porosity and surface area. 

It is also possible to convert an additive-containing solid starting iron compound 
into an additive-containing solid product iron compound using the process of the 
invention. Additive-containing solid starting iron compounds are solid iron compounds 
having another compound dispersed in their structure and can be prepared by, e.g., 
co^prec|pita^ting_a soluble iron compound and a soluble compound of the de sired 
additive. Examples of suitable additives to be dispersed in the iron compound are 
compounds comprising one or more elements selected from the group consisting of 
rare earth metals (e.g. La, Ce), transition metals (e.g. Cr, Cu, Re, Zn, V, Ni, Co, Mo, 
Mn, Zr, Ru), noble metals (e.g. Pt, Pd), alkali metals (e.g. Na, K), alkaline earth metals 
(e.g. Mg, Ca, Ba), Si, and Al. 

The process according to the present invention can be conducted using one or 
more, preferably a series of two to five, more preferably three to five, separate and 
substantially vertical conversion vessel(s). The conversion vessel(s) (each) 
comprise(s) a dedicated means for agitating the suspension. Axial or coaxial mixers 
are preferred. 

The plant for carrying out the present invention comprises a feed preparation 
vessel 1, to which the solid starting iron compound and optionally one or more 
additives are added and mixed with liquid to form a suspension. 
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Suitable liquids include water, alcohols such as methanol, ethanol, n-propanol, 
isopropanol, etc., and hydrocarbon liquids such as toluene, hexane, white spirits, 
gasoline, etc., with water being preferred. 

5 Suitable additives to be added to the suspension include elements selected 

from the group consisting of rare earth metals (e.g. La, Ce), transition metals (e.g. Cr, 
Cu, Re, Zn, V, Ni, Co, Mo, Mn, Ru, Zr, Ti), noble metals (e.g. Pt, Pd), alkali metals (e.g. 
Na, K), alkaline earth metals (e.g. Mg, Ca, Ba, Sr), Si, and Al. Preferred compounds 
are oxides, hydroxides, carbonates, and hydroxycarbonates, although salts such as 
1 0 c hlorides, nitrates, sulfates, etc. can also be used. The desired additive depends on 
the intended use of the product iron compound. 

Also acids (e.g. HN0 3 ) and bases (e.g. H 2 C0 3 , NH 4 HC0 3 ) can be added to one 
or more of the conversion vessels during the process. 
1 5 The addition of an additive to the suspension - like the use of an additive-containing 
solid iron starting compound - may result in an additive-containing solid product iron 
compound, The amount of additive in this additive-containing solid product iron 
compound preferably is 0.1-1 5 wt%, more preferably 1-6 wt%, calculated as metal and 
based on the weight of the additive-containing solid product iron compound. 

20 

If desired, the solid iron starting particles and the optional additive may be 
milled, either before or after being dispersed in the liquid. Instruments that can be used 
for milling include ball mills, high-shear mixers, colloid mixers, kneaders, and electrical 
transducers that can introduce ultrasound waves into a slurry. 

25 

It should be noted that the solid iron product particles resulting from the process 
according to the invention can be milled using the same techniques, if so desired. 
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Forced by way of a feed pump, the suspension is led continuously through a 
duct 2 to an inlet of the first of one or more, but preferably three to five, conversion 
vessels. By way of example, Figure 1 displays four such vessels: 3A-3D. Each of the 
vessels 3A-3D is provided with an outlet near its top, which is connected by means of a 
5 duct to an inlet near or in the bottom of a subsequent vessel, thus connecting the 
vessels 3A-3D in series. Each of the conversion vessels 3A-3D further contains an 
axial mixer 5, for instance a double-helix impeller or an anchor stirrer combined with an 
EKATO-INTERMIG® (an impeller suitable for mixing slurries with low viscosity, of which 
the outer blades pump downward while the inner blades pump upward), with which the 

10 suspension^ b^th^mixed substantially vertically and transported upward and 

downward while avoiding any dead or non-mixed zones. The mixers 5 are driven by 
electromotors (not shown) mounted on top of the conversion vessels 3A-3D. Typically, 
the mixers 5 are rotated at speeds from 20 to 500 revolutions per minute (rpm). 

15 The conversion of the solid starting iron compound is conducted under 

hydrothermal conditions. Hydrothermal conditions are defined as a temperature above 
the boiling point of the liquid and a pressure above atmospheric, generally up to about 
100 bar, preferably autogeneous pressure. Depending on the liquid and the 
temperature applied, the autogeneous pressure generally ranges from 1 to several 

20 tens of bars. 

If water is used as the liquid, suitable temperatures range from 150° to 375°C, 
preferably 180°-350°C. 



The pH can range from 0 to14, preferably from 0.1 to 9. The pH can be adjusted 
by acids and bases, which can be added to each conversion vessel separately. 
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It is noted that if more than one conversion vessel is used, the temperature and 
pH in each of these vessels may differ, if so desired. 

One or more additives (examples are listed above) can be added to the 
5 suspension in one or more of the conversion vessels. Alternatively, a part of the total 
amount of additive can be added to one of the conversion vessels, whereas another 
part can be added to another conversion vessel. 

The addition of additive to the suspension during the process can be combined 
10 with th e use of an additive-co ntainin g solid starting iron compound. 

After conversion, the suspension containing the solid product iron compound 
particles leaves the last conversion vessel, e.g., the fourth vessel 3D, and is led 
through a duct 7 to a cooler unit 8, where the product is cooled down to, say, below 

15 100°C. A mill 9 may be used to grind the particles. If desired, the milled suspension 
may be separated into a product fraction of, e.g., 90 wt% and a corresponding seeds 
fraction (10 wt%). The seeds fraction may be ground to particles having an average 
size of 0.3 to 0.5 micron in a further mill 10, which is connected to a seeds buffer tank 
1 1 , which in turn is connected to either the feed preparation vessel 1 or any one of the 

20 conversion vessels 3A-3D. By way of example, Figure 1 displays its connection to the 
feed preparation vessel. 

The Solids to Liquid Ratio (SLR) of the suspension is defined as the weight ratio 
of solids, including crystal water, to liquid in the suspension. The process according to 
25 the invention allows processing of suspensions having an SLR up to 1 .5. The optimal 
SLR depends on the Theological behaviour of the suspension, e.g. the tendency to 
form a gel. The SLR at the start of step b) preferably is 0.01 -1 .5, more preferably 0.05- 
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0.25, while the SLR at the end of step b) preferably is 0.01-1 .5, more preferably 0.03- 
0.22. 

If desired, the solid product iron compound formed in the present process may 
be shaped to form shaped bodies. In that case, it is preferred to continuously feed the 
suspension containing the solid product iron compound from cooler unit 8 or mill 9 to a 
shaping apparatus. Suitable shaping methods include spray-drying, pelletising, 
extrusion (optionally combined with kneading), beading, or any other conventional 
shaping method used in the catalyst and absorbent fields or combinations thereof. The 
amount of liq uid p resent in the s uspension used for shaping should b e ada pted to the 
specific shaping step to be conducted. It might be advisable to partially remove the 
liquid used in the suspension and/or to add an additional or another liquid and/or to 
change the pH of the precursor mixture to make the suspension gellable and thus 
suitable for shaping. Various additives commonly used in the different shaping 
methods, e.g. extrusion additives, may be added to the precursor mixture used for 
shaping. 

If desired, the solid product iron compound may be calcined. Calcination is 
preferably performed at temperatures in the range of 1 50 to 1 000°C, preferably 200 to 
450°C, for 1 5 minutes to 5 hours, preferably 30 minutes to 3 hours. 

The so-obtained solid product iron compound can suitably be used as or in a 
catalyst for, e.g., Fischer-Tropsch synthesis, ammonia synthesis, dehydrogenation of, 
e.g., ethylbenzene to styrene, fluid catalytic cracking (FCC), hydroprocessing (HPC), 
hydrocracking, hydrogenation reactions, etc. These solid product iron compounds can 
also suitably be used in the pigment industry. 
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EXAMPLES 
Example 1 

Iron hydroxide (prepared by precipitation of iron nitrate with NaOH) was 
5 suspended in water. The suspension had an SLR of 0.06 and a solids content of 6 
wt%. This suspension was pumped continuously upward through one conversion 
vessel (3A) at a temperature of 190°C (using steam injection) and autogeneous 
pressure. The suspension was vigorously agitated using a double-helix impeller at 76- 
83 rpm. The throughput was 0.3 l/min. 

10 

The suspension leaving the conversion vessel had an SLR of 0.05 and a solids 
content of 5 wt%. The colour of the suspension had changed from brown at the start of 
the reaction to bright orange-red at the end. 

15 The product iron compound was isolated by filtration and dried at 80°C for 

further analysis. XRD and chemical analysis on the orange-red powder revealed the 
quantitative formation of iron oxide, i.e. hematite. 

Example 2 

20 

The iron ore goethite (and iron oxyhydroxide) with a BET surface area of 94 
m 2 /g was suspended in water. The suspension had an SLR of 0.11 and a solids 
content of 1 0 wt%.This suspension was pumped continuously upward through one 
conversion vessel (3A) at a temperature of 190°C and autogeneous pressure. The 
25 suspension was vigorously agitated using double-helix impeller at 76-83 rpm. The 
throughput was 0.3 l/min. 
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The suspension leaving the conversion vessel had an SLR of 0.1 1 and a solids 
content of 10 wt%. 

The product iron compound was isolated by filtration and dried at 80°C for 
5 further analysis. XRD and nitrogen adsorption-desorption measurements performed on 
the powder demonstrated a structural change: the porosity had decreased, while the 
crystallinity had increased. The BET surface area of the product material was 26 m 2 /g. 

Example 3 

JO. The product ir on co mpound of Exampl e 2 was calcined at 350°C for_5 hours 

with a ramp of 10°C/min. A porous hematite was obtained. 

Example 4 

Goethite (trans-oxide yellow; Johnson Matthey) was suspended in water. The 
1 5 suspension had a solids content of 1 9 wt%. This suspension was pumped continuously 
through one conversion vessel (3A) at a temperature of 210°C and autogeneous 
pressure. The suspension was vigorously agitated using a double helix impeller at 76- 
83 rpm. The throughput was 0.3 l/min. 

20 The suspension leaving the conversion vessel had a solid content of 1 9 wt%. 

The product iron compound was isolated by filtration and dried at 80°C for 
further analysis. XRD revealed the partial formation of hematite. 
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Example 5 

Goethite (trans-oxide yellow; Johnson Matthey) was suspended in water. The 
suspension had a solids content of 1 9 wt%. This suspension was pumped continuously 
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through one conversion vessel (3A) at a temperature of 290°C and autogeneous 
pressure. The suspension was vigorously agitated using a double helix impeller at 76- 
83 rpm. The throughput was 0.3 l/min. 

The suspension leaving the conversion vessel had a solid content of 18 wt%. 
The product iron compound was isolated by filtration and dried at 80°C for further 
analysis. XRD revealed the quantitative formation of hematite. 

Example 6 

Hematite (trans-oxide red; Johnson M atthe y) wit h a BET su rface are a of 84 

m 2 /g was suspended in water. The suspension had a solids content of 6 wt%. This 
suspension was pumped continuously through one conversion vessel (3A) at a 
temperature of 200°C and autogeneous pressure. The suspension was vigorously 
agitated using a double helix impeller at 76-83 rpm. The throughput was 0.3 l/min. 
The suspension leaving the conversion vessel had a solid content of 6 wt%. The 
product iron compound was isolated by filtration and dried at 80°C for further analysis. 
XRD and nitrogen adsorption-desorption measurements showed that the resulting 
product had a higher crystallinity and smaller BET-surface area (39 m 2 /g) than the 
starting material. 

Example 7 

A Zn-containing iron hydroxide was prepared by precipitating iron nitrate with 
NH 4 OH in the presence of zinc nitrate. Calculated as oxides (Fe 2 0 3 and ZnO), the iron 
hydroxide comprised 4 wt% Zn. 

The Zn-containing iron hydroxide was suspended in water (SLR 0.18; solids 
content 1 5 wt%) and pumped to the first conversion vessel (3A) and continuously fed 
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through the following two conversion vessels (3B-3C). The throughput was 0.3 l/min. 

The conversion vessels were all heated at 200°C using steam injection; the 
pressure was autogenous. The suspension in all conversion vessels was agitated 
5 using a double-helix impeller at 76-83 rpm. 

The suspension leaving the last conversion vessel (3C) had an SLR of 0.14 and 
a solids content of 12 wt%. 

J0__ Th^product^ iron compound was isolated by filtration and dried at 80° C for 

further analysis. XRD and chemical analysis on the product revealed the formation of 
Zn-containing iron oxyhydroxide. 

Example 8 

15 Example 7 was repeated, except that an iron hydroxide containing 4 wt% Cu 

was used (calculated as oxides and prepared by precipitation of iron nitrate and Cu 
nitrate). The resulting product was a Cu-containing iron oxyhydroxide. 

Example 9 

20 Example 7 was repeated, except that an iron hydroxide containing 3 wt% Zn 

and 3 wt% Cu was used (calculated as oxides). The resulting product was a Zn and 
Cu-containing iron oxyhydroxide. 

Example 10 

25 Example 7 was repeated, except that an iron hydroxide containing 3 wt% Co 

was used (calculated as oxides and prepared by precipitation of iron nitrate and Co 
nitrate). The resulting product was a Co-containing iron oxyhydroxide. 
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Example 1 1 

Example 7 was repeated, except that an iron hydroxide containing 6 wt% Ce 
was used (calculated as oxides and prepared by precipitation of iron nitrate and Ce 
nitrate). The resulting product was a Ce-containing iron oxyhydroxide. 

Example 12 

Example 7 was repeated, except that an iron hydroxide containing 5 wt% La 
was used (calculated as oxides and prepared by precipitation of iron nitrate and La 
nitrate). The resulting product was a La-containing iron oxyhydroxide. 



